Recently, pharmacologic inhibition of abnormal angiogenesis has been a novel approach in the treatment of neovascular age-related macular degeneration (ARMD)[@ref1] and in various retinal vascular disorders like retinopathy of prematurity, diabetes and retinal vascular occlusion.[@ref2],[@ref3],[@ref4],[@ref5],[@ref6] It is known that angiogenesis is the formation of new blood vessels associated with sprouting or splitting from existing vessels and is the process through which a vascular network refines. In adults, new blood vessels are formed exclusively through angiogenesis, which is essential for normal biologic functions.[@ref7],[@ref8],[@ref9],[@ref10] It is a complex process involving multiple growth factors and cell adhesion molecules which is induced by any hypoxic or ischemic stimuli in ocular diseases like ARMD, diabetic retinopathy or proliferative retinopathy.

The purpose of this article is to provide the readers information about the molecular basis of angiogenesis and clinical implications of available anti-VEGF molecules in the treatment of aberrant angiogenesis.

Molecular Biology of Ocular Angiogenesis
========================================

Physiologically, this angiogenic cascade occurs due to the carefully balanced interplay of growth promoting and growth inhibiting factors in the internal milieu of the eye. Increasing evidence suggests that vascular endothelial growth factor (VEGF) is the primary promoting factor besides fibroblast growth factor (FGF), transforming growth factor (TGF α and β ), angiopoietin (1 and 2) and many more contributing proangiogenic factors [\[Table 1\]](#T1){ref-type="table"}. Presently, intraocular anti-VEGF therapy has shown impressive effectiveness in the treatment of intraocular neovascularization, namely ARMD.[@ref11],[@ref12],[@ref13] The VEGF levels were shown to correlate both spatially and temporally with iris neovasculariazation in a monkey model.[@ref14] In the human eye, elevated levels of VEGF in vitreous and aqueous strongly correlate with retinal ischemia-associated neovascularization in diabetic retinopathy, retinal vein occlusion and retinopathy of prematurity.[@ref15],[@ref16],[@ref17] Increased VEGF expression was also demonstrated in the retinal and choroidal vessels of subjects with diabetes suggesting a close correlation of intraocular VEGF and intraocular neovascularization.[@ref18] Evidence also suggests VEGF is over-expressed in the retinal pigment epithelium (RPE) of ARMD and in transdifferentiated RPE cells of surgically excised choroidal neovascular membrane.[@ref19] Increased levels of VEGF have also been observed in vitreous and aqueous humor in the eyes of patients with polypoidal choroidal vasculopathy (PCV) and choroidal neovascularization (CNV) secondary to ARMD and pathological myopia compared to normal individuals.[@ref20],[@ref21],[@ref22],[@ref23] Intraocular level of VEGF and pigment epithelium derived factor (PEDF) in ARMD as compared to age-matched normal control eyes suggested that a critical balance between PEDF and VEGF is important and that PEDF may counteract the angiogenic potential of VEGF,[@ref24] as also seen in diabetic patients.[@ref25]

The *VEGF-A* gene has been localized to chromosome 6p12.3. Alternate splicing of this gene results in the production of five biologically active isoforms (VEGF~121~ , VEGF~145~ , VEGF~165~ , VEGF~189~ and VEGF~206~ ). [@ref26],[@ref27],[@ref28],[@ref29],[@ref30],[@ref31],[@ref32],[@ref33] Several studies have demonstrated the presence of complement components in the drusen and RPE of ARMD patients and the role of aberrant complement activation in ARMD. The complement component, particularly C3 and C5a can up-regulate the secretion of VEGF from RPE cells. It was shown recently in an animal model of ARMD that genetic ablation of the receptor for C3a and C5a reduces VEGF expression and that antibody-mediated neutralization of C3 and C5a or pharmacological blockade of their receptor also reduces CNV. Antibody-mediated neutralization or pharmacological blockade of their receptor can be a major therapeutic target for ARMD.[@ref34] Besides VEGF independent pathways like carboxyethylpyrrole (CEP), protein modifications (Bruch′s membrane) have also shown to stimulate angiogenesis. This also suggests that besides VEGF, other potential therapeutic targets can be of value in limiting CNV in ARMD in future.[@ref35]

Anti-VEGF Therapy
=================

Presently, available anti-VEGF drugs are approved by the food and drug administration (FDA) only for use in ARMD. Clinical trials are underway for their use in other retinal vascular diseases.

Ranibizumab (Lucentis) and pegaptanib sodium (Macugen) are the only two FDA-approved intravitreal anti-VEGF drugs for the treatment of neovascular ARMD. In December 2004, the US FDA approved pegaptanib sodium (Macugen) as an anti-VEGF RNA aptamer for the treatment of all types of neovascular ARMD. It was the first aptamer to be successfully developed as a therapeutic agent in humans.[@ref36]

Pegaptanib is an aptamer i.e., ribonucleic acid (RNA) oligonucleotide that has high affinity and specificity for binding proteins. It is a 28- base RNA aptamer covalently linked to two branched 20kD polyethylene glycol moieties which bind and block VEGF, specifically the 165-amino acid residue (VEGF~165~ ) [\[Fig. 1\]](#F1){ref-type="fig"}. They bind with high specificity and affinity to target molecules.[@ref36],[@ref37] To prolong activity at the site of action, the sugar backbone of pegaptanib was modified to prevent degradation by endogenous endonucleases and exonucleases and the polyethylene glycol moieties, to increase the half-life of the drug in the vitreous cavity. Pegaptanib differs from other anti-VEGF therapies in that it binds near the heparin-binding domain of VEGF-A, thus preventing VEGF~165~ and larger isoforms from attaching to the VEGF receptors, instead of targeting all active VEGF-A isoforms.[@ref36]

The VEGF inhibition studies in the ocular neovascularization (VISION) trial was a large multicenter prospective, randomized double-masked, dose-ranging trial of pegaptanib sodium in patients with a wide range of vision and all subfoveal types of CNV secondary to ARMD.[@ref37] It was found that 70% of the patients met the primary end point (\< 15 letters loss) in the 0.3 mg dose versus 55% of the controls (*P* \< 0.001). The secondary endpoint analysis showed 9.5% of patients lost \> 30 letters versus 22% in the control group. Thirty one per cent patients in the 0.3 mg of pegaptanib arm with baseline visual acuity (VA) ≥ 20/200 ended up with worse than 20/200 vision compared to 50% in the control group at Week 54. The long-term safety of every six weeks injection of Macugen is not known. However, endophthalmitis, a potentially serious adverse event was seen in 1.3% of 890 patients with a per injection rate of 0.16%. This was similar to the rates identified in a comprehensive review of more than 15,000 intravitreal injections.[@ref38] Hence the risk associated with intraocular injection of Macugen was no different from intraocular injection of other drugs. Authors also mentioned that careful attention to proper injection technique can minimize the risk of endophthalmitis.[@ref37]

Ranibizumab is a chimeric molecule that includes a nonbinding human sequence which makes it less antigenic in primates and a high affinity epitope that binds to VEGF-A. It was designed specifically to treat neovascular ARMD by manipulating the structure of a murine full-length monoclonal antibody (A.4.6.1) directed against the human VEGF-A. The humanized form is called bevacizumab. The Fab form of A.4.6.1 was humanized and referred to as rhuFab VI (Fab12). It was then affinity matured using phase display technology to generate the Y0317 variant, also known as ranibizumab \[rhuFab V2; [Fig. 2](#F2){ref-type="fig"}\].[@ref39] Ranibizumab binds to and inhibits the biological activity of all the active forms of VEGF-A [\[Fig. 1\]](#F1){ref-type="fig"}.

Ranibizumab (Lucentis) has shown to be associated with clinically and statistically significant benefits with respect to VA and angiographic lesions in neovascular ARMD.[@ref11],[@ref12],[@ref13] At 12 months, 94.5% of 0.3 mg of ranibizumab and 94.6% of 0.5 mg of ranibizumab lost fewer than 15 letters compared to 62.2% in controls for minimally classic or occult lesions;[@ref11] 33.8% of 0.5 mg Lucentis gained ≥ 15 letters and 24.8% in the 0.3 mg group which was maintained till 24 months. When compared with verteporfin, 94.3% of patients receiving 0.3 mg of Lucentis and 96.4% patients in the 0.5 mg group lost fewer than 15 letters compared to 64.3% in the verteporfin-treated group at 24 months for classic lesions.[@ref12] In the 0.3 mg group 35.7% patients and 40.3% in the 0.5 mg group improved by ≥ 15 letters compared with 5.6% in the verteporfin group. Hence, ranibizumab was found to be superior to verteporfin. Even the combination of ranibizumab with verteporfin has shown 90.5% patients losing \< 15 letters compared to verteporfin alone (67.9%, *P* \< 0.001).[@ref13] Hence irrespective of lesion type ranibizumab has been found to improve vision. Results of the ANCHOR, MARINA and FOCUS[@ref11],[@ref12],[@ref13] studies have clearly shown that there is always a stage of significant initial gain in vision in the first three months. Following this, a gradual stability is maintained. This may also suggest that initial three injections every month may be necessary to achieve the initial gain in vision. This possibly can be followed on need basis. Clinical trials have been designed to answer even these questions.

Bevacizumab (Avastin) was approved by the FDA exclusively for the treatment of certain types of cancer including metastatic colorectal cancer. It has also been extensively used as an off-label drug for various ophthalmic diseases. [@ref40],[@ref41],[@ref42],[@ref43],[@ref44],[@ref45],[@ref46],[@ref47] Besides, bevacizumab is not only used as an intravitreal application but was first introduced as a systemically delivered drug. It has also shown benefit of improved vision in neovascular ARMD and reduction of macular edema in diabetic retinopathy. Most of the published reports are either small case series or anecdotal reports. However, extensive publications on intravitreal bevacizumab suggest that the drug has shown its beneficial effect at least in short-term follow-up and appears to be a part of preferred practice in the treatment of CNV or retinal vascular disease. The long-term safety is yet to be determined demanding a randomized clinical trial for intraocular use. A prospective, non-randomized, open-label trial was performed to investigate the safety and tolerability of three escalating doses of bevacizumab (1.0, 1.5 and 2.0 mg) administered as a single intravitreal injection in wet ARMD.[@ref48] No systemic or serious drug-related adverse events were observed. Subconjuctival hemorrhage and conjunctival hyperemia were observed frequently at the injection site. Even though the mean best corrected visual acuity (BCVA) significantly improved from baseline (*P* \< 0.001) at one and six weeks, the change was significantly different at 12 weeks suggesting a dose-related response. The most favorable macular remodeling (OCT/ angiography) was observed in patients in the 2.0 mg dose group at weeks 6 and 12 and at week 6 in patients in the 1.5 mg dose group. Combination therapy of PDT-verteporfin and intravitreal bevacizumab has also shown short-term benefit.[@ref49] The mean BCVA showed improvement of 1.49 ETDRS lines (+0.6 to +2.4) and 0.98 lines (- 0.4 to +2.8) at 12 and 24 weeks respectively.

Possibly, the complications of ARMD treatments trial (CATT) (sponsored by the National Eye Institute of National Institute of Health Bethesda, USA) will prove the effectiveness of bevacizumab (http://irvaronsjournal.blogspot.com/2007/09/catt-study-update-2-avastin-vs-lucentis.html). The study will compare monthly injections using bevacizumab to monthly injections of ranibizumab as well as compare three-monthly injections of bevacizumab followed by \"as needed\" injections to the same regimen using ranibizumab. The trial should determine whether bevacizumab or ranibizumab is better and whether the \"as needed\" injection regimen is as good as monthly injections. \"As needed\" means a patient will receive another injection only if there is fluid on the OCT, new vision loss, new hemorrhage or new growth of the neovascularization. The \"as needed\" regimen is used to reduce the total number of injections that must be given to control the neovascularization and its leakage. Similarly, in the UK, the HTA (NHS Health Technology Assessment) clinical trials (http://www.oxfordshire.nhs.uk/documents/2007February28minutes.pdf) programme is considering to fund a trial of bevacizumab versus ranibizumab with further randomization to photodynamic therapy.

Recently, systematic review has synthesized the randomized clinical trial (RCT) evidence for effectiveness of ranibizumab and pegaptanib for subfoveal CNV associated with ARMD.[@ref50] The benefits of ranibizumab and pegaptanib were shown to be statistically significant in any lesion type. Patients receiving pegaptanib or ranibizumab were less likely to lose 15 letters, which means that a patient could live independently, or to deteriorate to the level of legal blindness (≤ 20/200) than those receiving sham injection and/or photodynamic therapy. The benefits of continued treatment appeared to be maintained after two years of follow-up with either drug. It was also found in the review that the outcome measures of loss of fewer than 15 letters and gain of ≥ 15 letters, the 95% confidence intervals did not overlap and patients receiving ranibizumab appeared to experience greater benefit compared to patients receiving pegaptanib. The adverse effects were mild to moderate transient events. Endophthalmitis was seen in 1.3% patients receiving pegaptanib in the first year and none in the second year whereas it ranged from 1.4 to 1.9% in patients receiving 0.5 mg ranibizumab. The review concluded that both pegaptanib and ranibizumab are clinically effective in the treatment of subfoveal CNV secondary to ARMD and fewer patients showed improvement of vision with pegaptanib than with ranibizumab. It also suggested a clinical trial comparing pegaptanib with ranibizumab and bevacizumab including a wide range of lesion types of ARMD and perform economic evaluation with prospective collection of data on quality of life, utilities, resources and costs.

Brown *et al.*[@ref51] have shown the total value of each treatment modality for ARMD. Value-based medicine is the practice of medicine based upon the patient value (improvement in the quality of life and length of life) conferred by an intervention. It has been found that conversion of data of intravitreal pegaptanib every six weeks for two years for wet ARMD to value-based medicine format, including the disutility occurring secondary to adverse events confer an improvement in the quality of life of 5.9%. In contrast, the value gain for intravitreal therapy with ranibizumab was found to be \>15%. This shows the cost-effectiveness of the treatment for the patient. Since bevacizumab is similar to ranibizumab and since case series data suggest good outcome, one can speculate that the value gain may be similar or greater than ranibizumab. This estimation will be possible only when prospective data are available from a trial.

In clinical practice, the decision to use a particular intravitreal drug depends on its evidence-based visual outcome as well as the safety profile. Presently, the three FDA-approved drugs for the treatment of ARMD are verteporfin therapy, pegaptanib and ranibizumab. Due to varied patients′ recruitment in the VISION study, it is difficult to comment on the outcome of pegaptanib for ARMD. About 20% of patients in the pegaptanib-treated group may experience significant vision gain in the early treatment of ARMD.[@ref37] It is important to note that it is extremely difficult to conclude on the comparative efficacy of pegaptanib or other anti-VEGF drugs unless there is head to head comparison. It is clear from the evidence that at least ranibizumab can improve vision significantly in any subtype of ARMD.[@ref11],[@ref12],[@ref13]

Anti-VEGF usefulness in the treatment of diabetic macular edema is still under clinical trial. Anecdotal report does suggest beneficial effect and clinical trial results are awaited.[@ref43] Intravitreal bevacizumab has also been used in the treatment of aggressive posterior retinopathy of prematurity.[@ref52] Anecdotal reports also show the effect of intravitreal bevacizumab in the treatment of central retinal vein occlusion, branch retinal vein occlusion[@ref53],[@ref54] and neovascular glaucoma.[@ref55] This appears to be a potential treatment but at present results of clinical trial are not available about the safety, efficacy and long-term outcome of anti-VEGF in various retinal vascular diseases. Use of anti-VEGF drugs (other than FDA-approved) in indications other than ARMD needs caution and ethical issues need to be addressed.

It is evident now that anti-VEGF therapy has shown tremendous promise as a treatment for ocular disease, primarily ARMD and potential for retinal vascular disease. There is variability in the efficacy of different agents which may relate to the development of the drug or type of clinical trial. Other promising anti-VEGF therapies for future use are VEGF Trap and Tyrosine kinase inhibitors, which are undergoing clinical trial.

The major concerns in the long-term management of such cases with anti-VEGF are:

Repeated intravitreal injectionsSystemic risk for cerebrovascular accidentsDetermination of end pointPossible retinal neural toxicity due to cumulative dosingSpeculation of altering the VEGF physiological function in the eyeRecurring economic burden to the patient

It may be possible that the future may include a combination approach that has the potential to decrease the frequency of dosing, improve efficacy and provide additional blockade of the angiogenic cascade.[@ref39] In a nutshell, with increasing life expectancy, we will face more patients with ARMD and diabetics. Searching for a cost-effective approach which is functionally beneficial is imperative. One must also understand that the present scientific evidence should allow us to select therapies that can restore quality of central vision and allow patients to experience the benefit of treatment.[@ref56]

Conclusion
==========

Use of anti-VEGF drugs (intraocular) has shown tremendous potential in the treatment of neovascular ARMD. Even though there is enough potential to show its benefit in retinal vascular diseases (vein occlusion and diabetic retinopathy), randomized clinical trials are necessary to prove its long-term efficacy. Off-label uses of intravitreal anti-VEGF drugs need to be addressed with caution. It is also important to critically evaluate the available evidence in the literature while we wait for the clinical trial results.
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